The synthesis of a binder from the mixture of dolomite flour and clay is investigated. The main anticipated usage of the binder is for the restoration of historical dolomitic Roman cement objects. During the 19 th /20 th century, in the territory of Latvia dolomitic Roman cement was the main hydraulic binder applied for the construction of buildings. It was processed in Riga since 1865 by firing the local raw material dolomitic marlstone below its sintering temperature (800-900 C) and by fine milling. Because of its fast setting and good water resistance, the material was used mostly for decorative elements of facades. However, since the middle of the 20 th century its production has been stopped. With the aim to provide a compatible material for restoration needs, compositions from dolomite flour and clay were investigated as a perspective raw material for the synthesis of a low-temperature hydraulic binder. Mixtures from two types of clay and dolomite flour in powder state were synthesized. Clay content in the compositions varied from 13 to 30 %. Samples were prepared by mixing the raw materials, semi-dry pressing and firing at 750-950 °C. The study gives an insight into the chemical processes that occur during the synthesis of a binder from a mixture of clay and dolomite flour. Thermochemical processes in the obtained binder depending on production temperature and clay type were compared by using the XRD analysis and a full chemical analysis.
Introduction
Roman cement was a widely used binder in all Europe in the 19 th /20 th century. It was obtained from marlstone -a rock containing 15-40 % of clay and 60-85 % of carbonates (limestone or dolomite). The process was simple -the marlstone was fired at low temperatures (800-1200 °C) and ground to a fine powder state, thus obtaining a hydraulic binder that did not slake in contact with water [1, 2, 3] .
Because of geological differences, in distinction from the other parts of Europe where calcitic Roman cement was mostly applied, on the territory of Latvia beginning with the 1860s the dolomitic Roman cement was produced. It was obtained by firing the locally sourced dolomitic marlstone below the sintering temperature (800-900 °C) and grinding it to a floury fineness [4] . The dolomitic Roman cement was used in the construction of several significant historical buildings of Latvia of the late 19 th / early 20 th centuries [5] . The advantages of the Roman cement were a very short setting time (approx. 15 min) which was useful for making casts, high porosity (approx. 30 %), high water-resistance and excellent weatherresistance because of which it was usable in facades [1, 6, 7] .
Since the middle of the 20 th century the producing of dolomitic Roman cement has been stopped. Still there is a need for a compatible binder for restoration purposes.
With the aim to provide a compatible material for restoration needs, compositions from dolomite flour and clay were investigated as a perspective raw material for the synthesis of a low-temperature hydraulic binder. The formation of hydraulic components -dicalcium silicate (2CaO·SiO2) and tricalcium aluminate (3CaO·Al2O3) -by the reaction between active SiO2, Al2O3 and free CaO is an important prerequisite for obtaining hydraulic properties in this binder.
Materials and methods
The binder was obtained from a range of mixtures by using two types of pulverized clay and dolomite flour. The components of each mixture are given in Table 1 . The chemical composition of the raw materials was determined using a classical chemical analysis. The results are summarized in Table 2 . 
Results and discussion
The hydraulicity of a binder can be characterized by using the hydraulicity modulus (Eq. 1) [8] .
The lower is the modulus, the higher is the hydraulicity of a binder. The general classification states that for lime binders m = 1.7-9.0 but for the Roman cement < 1.7 [8] . However, in comparison with calcitic binders, the dolomitic Roman cement does not fully conform to this classification, and a dolomitic binder with the modulus higher than 1.7 can achieve the properties of Roman cement [9] . In Table 3 one can see that all synthesized compositions closely match the composition of the historical dolomitic Roman cement and are highly hydraulic (m = 2.39-3.21). The amount of released CO2 (10-14 %) may be attributed to the presence of undissociated carbonates. This value is close to the amount of carbonates in the historic dolomitic Roman cement as it is described in the literature [9] where it is considered as advisable for gaining a higher mechanical strength.
It must be taken into account that the insoluble residue (IR) contains not only sand but also unreacted clay minerals, because the temperature of 800 °C is too low for them to fully dissociate. The XRD studies (Fig. 1) showed that the main crystalline phases in the synthesized binder after firing in the temperature range 750-950 °C were quartz (SiO2), calcium oxide (CaO), magnesium oxide -periclase (MgO), dicalcium silicate -belite (2CaO·SiO2) and tricalcium aluminate (3CaO·Al2O3). Gehlenite (2CaO·Al2O3·SiO2) was detected at temperatures above 850 °C, but for undissociated calcite (CaCO3) the temperature was lower than 850 °C. Changes of the relative intensity of dominant crystalline phases depending on the firing temperature of the synthesized binder were determined by measuring the height of characteristic XRD maximums of each phase in equal conditions. As the mass of a sample, the particle size and the settings of the diffractometer stood unchanged, and changes of the maximum intensity can be attributed to changes of the amount of a phase in a sample.
According to data obtained from the XRD analysis, the free CaO crystallization reached the maximum at 850 °C (Fig. 2) . The intensity of MgO crystallization increased with temperature (Fig. 3) , and up to 950 °C there was no decrease of its intensity, which could be attributed to the involvement in the formation of new phases. As the dissociation of dolomite and the release of MgO had ended at approximately 800 °C, it can be concluded that at higher temperatures the gain of diffraction maximums is due to the increase of crystallinity.
Fig. 3. Relative changes of MgO crystallization intensity depending on the firing temperature
The crystallization intensity of hydraulic componentsdicalcium silicate (2CaO·SiO2) and tricalcium aluminate (3CaO·Al2O3) -increased with increasing the temperature (Fig. 4 and Fig. 5 ). In compositions where Devonian clay was used (A1, A2 and A3), their formation was detected by XRD beginning with 750 °C. In the composition U2, the formation of 3CaO·Al2O3 started beginning with 800 °C, but of 2CaO·SiO2 -between 750 °C and 800 °C. Higher amounts of hydraulic components had formed in the compositions with a higher clay admixture.
The obtained amount of cement minerals at an equal burning temperature was higher in compositions where more clay was added. For example, in composition A1 (13 % of clay) the crystallization intensity of cement minerals at 850 °C was the same as in the composition A2 (24 % of clay) at 800 °C. This means that a higher clay additive allows to use a lower firing temperature, at the same time obtaining the needed amount of cement minerals providing an economic advantage.
Hydraulic components in a binder are of great importance, providing for the mechanical strength and water resistance of the mortar. The amount of active SiO2, Al2O3 and Fe2O3 in the synthesized binder after firing was measured by dissolving the binder in a highly diluted HCl. It can be assumed that active SiO2, Al2O3 and Fe2O3 participate in the formation of hydraulic components (cement minerals -2CaO·SiO2, 3CaO·Al2O3 and 4CaO·Al2O3·Fe2O3). When these oxides are bound in the clay mineral structure they are insoluble, but when the clay minerals dissociate, they turn into an active, soluble state. In Figs. 6 and 7 one can see that the amount of active SiO2 and Al2O3 in all compositions increases with increasing the firing temperature. The increase can be attributed to the clay structure decomposition and the formation of new phases -calcium silicate and calcium aluminate which are hydraulically active. The amount of Fe2O3 was very low, and its increase was not detected (Fig. 8) . A correlation could be established that in all compositions regardless of the firing temperature the approximate ratio SiO2 : R2O3 was about 1 : 1. Fig. 8 . The amount of active Fe2O3 in the obtained binder, depending on the firing temperature Al2O3 was found to be transformed into the active state more easily than SiO2. The increase of the amount of active Al2O3 was detected already at 800 °C, but of SiO2 -at 850 °C.
Conclusions
A hydraulic low-temperature binder was obtained from a mixture of dolomite flour and clay. The binder's main anticipated usage was for the restoration of historical objects. The chemical and mineralogical composition of the binder closely conformed with the historical dolomitic Roman cement.
An increased clay additive allows to reduce the firing temperature, thus giving an economical advantage. For example, in the composition A2 (24 % of clay) the crystallization intensity of hydraulic components at 800 °C was the same as in the composition A1 (13 % of clay) at 850 °C.
The hydraulic properties of the binder are provided by hydraulically active minerals 2CaO·SiO2 and 3CaO·Al2O3 which are formed already at 800-850 °C, but in the series when the Devonian clay is used -even at 750 °C. It is essential that at these temperatures gehlenite and other phases that are not hydraulically active are not yet formed.
The amount of the active oxides that participate in the formation of hydraulic components increased with higher firing temperatures. Based on the chemical and mineralogical analysis, 800-850 °C was chosen as the optimal firing temperature.
The usage of a mixture of clay and dolomite flour instead of the natural dolomitic marlstone can provide a better homogeneity, and in this way the composition of a binder can be precisely predicted.
